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Abstract 
A 4 week intensive measurement campaign was conducted in March–April 2007 at Agnes 
Water, a remote coastal site on the east coast of Australia. A Volatility-Hygroscopicity-
Tandem Differential Mobility Analyser (VH-TDMA) was used to investigate changes in the 
hygroscopic properties of ambient particles as volatile components were progressively 
evaporated. Nine out of 18 VH-TDMA volatility scans detected internally mixed multi-
component particles in the nucleation and Aitken modes in clean marine air. Evaporation of a 
volatile, organic-like component in the VH-TDMA caused significant increases in particle 
hygroscopicity. In 3 scans the increase in hygroscopicity was so large it was explained by an 
increase in the absolute volume of water uptake by the particle residuals, and not merely an 
increase in their relative hygroscopicity. This indicates the presence of organic components 
that were suppressing the hygroscopic growth of mixed particles on the timescale of 
humidification in the VH-TDMA (6.5 secs). This observation was supported by ZSR 
calculations for one scan, which showed that the measured growth factors of mixed particles 
were up to 18% below those predicted assuming independent water uptake of the individual 
particle components. The observed suppression of water uptake could be due to a reduced 
rate of hygroscopic growth caused by the presence of organic films or organic-inorganic 
interactions in solution droplets that had a negative effect on hygroscopicity.  
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1 Introduction 
Organic compounds can comprise a significant and sometimes dominant fraction of the 
atmospheric aerosol in all types of natural and polluted environments, including pristine 
marine environments (Blanchard, 1964; O'Dowd et al., 2004). Marine Organic Aerosol (OA) 
has both primary and secondary production mechanisms. The primary mechanism occurs 
when organic material concentrated at the ocean surface is collected by rising bubbles which 
subsequently burst to generate sea spray aerosol enriched with organic matter (Facchini et al., 
2008; Keene et al., 2007; Modini et al., 2009a). The secondary formation of marine OA 
results from the chemical processing of biogenic volatile organic compounds (BVOCs) into 
condensable organic vapours that subsequently enter the aerosol phase, probably through 
condensation rather than nucleation (O'Dowd and de Leeuw, 2007). Secondary marine OA 
formation is likely to occur frequently over coastal waters, where marine biota is often 
enriched. For example, marine OA has been indirectly observed in freshly nucleated particles 
(5–25 nm) at coastal sites on the west coast of Ireland (Vaattovaara et al., 2006) and on the 
east coast of Australia (Johnson et al., 2005; Modini et al., 2009b). 
The climatic impact of marine OA may be very large due to the fact it is being emitted or 
formed in the pristine marine boundary layer (MBL) where particle concentrations are 
relatively low (200–500 cm-3) and the potential for the OA to effect marine cloud formation 
is, therefore, high. In order to assess the climatic impact of a marine OA source it is necessary 
to know how organic compounds affect the water uptake properties of atmospheric aerosol. 
Implicit in this understanding is knowledge of the mixing state of organic and inorganic 
components in the marine aerosol. In addition to affecting cloud condensation nuclei (CCN) 
concentrations, OA effects on hygroscopicity will also influence marine aerosol size, phase 
(Marcolli et al., 2004), radiative forcing (Randles et al., 2004), chemical reactivity and 
lifetime. This article will focus on sub-saturated hygroscopic measurements of OA (i.e. 
relative humidity (RH) < 100%). 
Experimentally, the hygroscopic properties of a range of organic aerosols have been studied 
extensively over the last decade or so in the laboratory and the field. A thorough review of 
these studies is provided in section 7 of Kanakidou et al. (2005) and in Swietlicki et al. 
(2008). Depending on water solubility, organic compounds may or may not cause a 
significant reduction in the deliquescence relative humidity (DRH) of mixed organic-
inorganic particles compared to purely inorganic particles. At higher RHs the hygroscopic 
growth factors of mixed (soluble or insoluble) organic-inorganic particles are lower than what 
would be expected for the inorganic components alone because measurements have so far 
indicated that organic aerosols are less hygroscopic than inorganic aerosols above 
deliquescence. 
In general, this behaviour is adequately captured in state-of-the-art thermodynamic models 
that predict the hygroscopic properties of mixed organic-inorganic particles. This is despite 
the difficulty these models face in representing the physicochemical properties and non-
ideality of the vast range of organic compounds potentially existing in atmospheric aerosol. 
To get around this issue, for example, some models rely on functional group contribution 
models for predicting the activity coefficients of organic compounds (e.g. UNIFAC: 
Fredenslund et al., 1975). There is also the issue of organic-inorganic interactions in aerosol 
solution droplets. Some models have explicitly treated organic-inorganic interactions that 
influence the water activity of the total solution droplet (Clegg et al., 2001; Erdakos et al., 
2006; Ming and Russell, 2002; Zuend et al., 2008). However the development of these 
models is restricted by a lack of experimental data on relevant interaction parameters. This 
problem is avoided in models that assume a simple additive approach for the water activities 
of organic and inorganic components in solution (e.g. the ADDEM model: Topping et al., 
2005). The assumption that inorganic and organic components in solution act independently 
of each other (i.e. no interactions) is known as the ZSR approximation (Chen et al., 1973; 
Stokes and Robinson, 1966).  
Aside from its use in detailed thermodynamic models like ADDEM, the ZSR principle has 
been used to predict the hygroscopic growth of mixed particles from hygroscopic data for 
pure compounds (e.g. Brooks et al., 2004; Gysel et al., 2007; Meyer et al., 2009; Prenni et al., 
2003). Comparisons between such ZSR-based predictions and measurements have indicated 
that the ZSR principle is frequently valid and therefore useful as a first order approximation. 
However, there are a few notable discrepancies. A number of laboratory based studies have 
found both positive and negative differences between measured and ZSR-predicted growth 
factors for mixed particles (Chan and Chan, 2003; Cruz and Pandis, 2000; Svenningsson et 
al., 2006; Zardini et al., 2008). These differences can be as large as 20% (Cruz and Pandis, 
2000). Failure of the ZSR assumption indicates that interactions between organic and 
inorganic components have had an effect on the water activity of a solution droplet. For 
example the water solubility of some organic compounds can decrease/increase with 
increasing salt concentration in solution (salting out/salting in effects). Another intriguing 
interaction possibility is the formation of organic micelles capable of forming complex 
aggregates with inorganic cations, which effectively takes them out of solution (Tabazadeh, 
2005).  
In addition to affecting the equilibrium size of a mixed particle at a given RH (which may or 
may not be predictable with the ZSR principle), organic components can also affect the time 
that particle requires to grow (or shrink) to this equilibrium size. These are so called kinetic 
or mass-transfer effects (Chan and Chan, 2005). Organic components that delay the 
hygroscopic growth of particles have been investigated in the laboratory (Chan and Chan, 
2007; Sjogren et al., 2007) and observed in a small fraction (0–2%) of particles in a polluted, 
urban environment (Chuang, 2003). In the supersaturated regime, two recent field studies 
have observed delayed cloud droplet activation of mixed particles relative to ammonium 
sulphate particles (Ruehl et al., 2008; Shantz et al., 2009). Kinetic effects can potentially arise 
if an organic component is present as a film (Gill et al., 1983) or solid enclosure (Sjogren et 
al., 2007) that reduces the rate of water vapour transfer between the environment and soluble 
portion of a particle. These effects are important because they can affect the ability of 
particles to act as cloud condensation nuclei (CCN) due to the finite time available for 
particles to activate into cloud droplets in a rising air mass. This in turn can affect cloud 
microphysical properties (Chuang et al., 1997; Feingold and Chuang, 2002). 
A promising method for investigating the hygroscopic properties of mixed organic-inorganic 
particles in the field and the laboratory is the Volatility Hygroscopicity- Tandem Differential 
Mobility Analyser (VH-TDMA) (Johnson et al., 2004). This technique is able to probe 
changes in the hygroscopic properties of particles as volatile organic components are 
progressively evaporated (Fletcher et al., 2007; Johnson et al., 2005; Meyer et al., 2009; 
Meyer and Ristovski, 2007; Ristovski et al., 2009; Sellegri et al., 2008; Villani et al., 2009). 
For example in the ambient study of Johnson et al. (2005), increases in the hygroscopic 
growth factors (HGF) at 84–92% RH of marine particles in the nucleation, Aitken and 
accumulation modes were observed after the removal of volatile organic species. 
Furthermore, the authors calculated that the changes in HGF were explained by an increase in 
the absolute amount of water uptake by the residuals, and not merely an increase in their 
hygroscopicity. This result indicates that there was a real suppression of water uptake by the 
marine OA component on the timescale of humidification in the VH-TDMA system 
employed in that study (5-10s). This observation of water uptake suppression may have 
occurred due to negative organic-inorganic interactions in solution (e.g. ‘salting out’ effect) 
or kinetic effects (e.g. organic film formation).  
In this paper we report new observations of water uptake suppression by marine particles. 
These observations were made with a VH-TDMA during a measurement campaign 
conducted at the remote coastal location of Agnes Water on the east coast of Australia.  
2 Materials and Methods 
2.1 Campaign details 
A month-long measurement campaign was conducted in March–April 2007 at Agnes Water 
(24.2° S 151.9° W) on the east coast of Australia. The campaign and measurement site are 
described in detail in (Modini et al., 2009b). This paper also describes the frequent new 
particle formation events observed during the campaign and uses VH-TDMA data to 
conclude that the condensation of sulphate and/or organic vapours was responsible for 
driving particle growth at sizes greater than 10 nm during the events. The Agnes Water site 
has a large open ocean sector covering the range of bearings from 320–110°. A large sand 
island (Fraser Island) covered in vegetation lies 150 km away at a bearing of 110–135°. In 
between there are the shallow (depth < 25 m), biologically-rich waters of Hervey Bay. 
Further south at a bearing of 140° is the town of Bundaberg. The southernmost reefs of the 
Great Barrier Reef (GBR) are approximately 50 km away at a bearing of 050°.  SE-trade 
winds blew very consistently during the campaign and these carried air masses for at least 4 
days over the open ocean SE of our sampling site. A regular land-sea breeze effect meant 
that, in general, continentally affected air masses reached the site during the night and early 
morning (average particle number concentration between 4 and 165 nm as measured by an 
SMPS (N4–165nm) = 587 cm-3), while marine air masses reached the site during the day and 
evening (Average N4–165nm = 345 cm-3). The measurements presented here were all obtained 
under marine sampling conditions, which were defined as time periods of greater than 4 hrs 
when wind direction was in the sector 320–135° and particle number concentration (N4–165nm) 
was less than 400 cm-3 (unless a particle nucleation event was occurring, see Modini et al. 
(2009b).  
2.2 Volatility Hygroscopic- Tandem Differential Mobility Analyser (VH-TDMA) 
2.2.1 Instrument description 
The VH-TDMA consists of an electrostatic classifier that preselects particles of a given 
mobility diameter (10–110 nm), followed by a purpose built thermodenuder that heats the 
particles to a given temperature (ambient–600°C), and then a humidifier (Johnson et al., 
2008) that operates from 5–95% RH. Particle residence time in the thermodenuder is <1 sec 
and in the humidifier is 6.5 secs. Scanning mobility particle sizers (SMPSs) are placed after 
both the heating and humidification stages to examine any size changes resulting from these 
conditioning steps. Raw SMPS data were inverted with the TDMAinv algorithm (Gysel et al., 
2009). Thus, the output variables of the VH-TDMA are chosen initial particle diameter (di), 
particle diameter after volatilisation (dv) and particle diameter after volatilisation and 
subsequent humidification (dvh). Hygroscopic growth factor (HGF=dvh/dv) and volume 
fraction remaining (V/Vo=(dv/di)3) are calculated directly from these variables. Assuming an 
SMPS sizing accuracy of ±1% and RH uncertainty of ±1.1% the theoretical uncertainty (95% 
confidence level) is ±3% for V/Vo and ±3% for HGF at 90% RH. 
A number of deliquescence scans were performed with the VH-TDMA during the campaign. 
In this mode of operation the thermodenuder was set to ambient temperature and the RH in 
the humidifier was continually ramped from X to 90% RH. A HGF measurement was taken 
for every 1% change in RH. Volatility scans were also performed with the VH-TDMA. In 
this mode of operation the humidifier was kept at a constant RH of 90% (with ±0.5% 
precision) while thermodenuder temperature was increased in discrete 5–10°C steps until 
complete particle evaporation occurred. HGF at 90% RH (HGF90%) and V/Vo were measured 
at each thermodenuder temperature resulting in a total VH-TDMA scan time of ~1–2 hrs. The 
purpose of the volatility scanning procedure was to indirectly probe the chemical composition 
of ambient marine particles and to observe the change in HGF90% as volatile components 
were progressively removed from these particles.  
It is possible to make inferences regarding chemical composition from VH-TDMA volatility 
scans because the volatile and hygroscopic properties of particles are determined by their 
chemical composition. Single TDMA techniques (e.g. VTDMA or HTDMA) are limited in 
their ability to infer composition by the fact that different chemical species can display 
similar physical properties (i.e. volatility or hygroscopicity is a non-unique function of 
chemical composition). The VH-TDMA addresses this problem by simultaneously measuring 
the volatile and hygroscopic properties of particles. This combined TDMA approach 
significantly constrains the list of potential chemical species within atmospheric 
nanoparticles. An example of how chemical composition can be inferred from VH-TDMA 
data is supplied in Modini et al. (2009b), where the VH-TDMA was used to investigate the 
composition of nucleation mode particles.  
2.2.2 Data analysis– Water Uptake Ratio (WUR) 
In order to investigate any possibility of suppressed hygroscopic growth by volatile 
components we examine a variable called Water Uptake Ratio (WUR). This variable was first 
applied to VH-TDMA data by Johnson et al. (2005). In that paper it was introduced as βw. 
WUR is defined as the ratio of water volume uptake of residual particles to the water volume 
uptake of untreated particles. Two forms of calculating WUR using output variables of the 
VH-TDMA are given in equation 1, where the subscript zero refers to variables measured 
with the thermodenuder set to ambient temperature.  
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WUR is sensitive to changes in particle diameter due to the cubic dependences in equation 1. 
Assuming an SMPS sizing accuracy of ±1% and RH uncertainty of ±1.1% we estimate the 
theoretical uncertainty (95% confidence level) in WUR as ±20%. At temperatures where 
volatile components have evaporated, WUR greater than 1 indicates that the absolute water 
uptake of the residual is greater than that of the untreated particle despite the reduction in 
overall particle volume. This would indicate that a volatile component was suppressing the 
hygroscopic growth of the untreated particle on the timescale of humidification in the VH-
TDMA. 
To illustrate this in more detail let us consider a hypothetical example of an internally mixed 
particle consisting of a hygroscopic inorganic component (e.g. ammonium sulphate) and a 
non-hygroscopic, volatile organic component. At 90% RH the mixed particle will uptake a 
certain volume of water, which can be entirely attributed to the inorganic portion of the 
particle since the organic component is assumed non-hygroscopic. Let us further assume that 
if the mixed particle is heated to 100°C the volatile organic particle mass evaporates 
completely while the inorganic mass remains constant. Two possibilities then arise. They are 
illustrated in Fig.1. In this figure we have plotted WUR, HGF, V/Vo, and the hygroscopic 
growth factors of the two individual components as a function of the thermodenuder 
temperature. Firstly, if the organic component is not suppressing the water uptake of the 
inorganic component (left column, Fig. 1) than the water uptake of the particle will remain 
constant even when the organic component has been evaporated at 100°C. This is because the 
inorganic mass and the hygroscopic growth factor of the inorganic (and therefore water 
associated with it) have not changed. In this case WUR above 100°C will equal 1. However, 
HGF90% will still increase because the reference diameter (the denominator in the HGF 
definition, dv) has decreased due to the reduction in particle mass associated with the 
evaporation of the organic component while the soluble (inorganic) mass has remained 
constant.  
[Insert Figure 1 around here] 
Let us now consider the second possibility that the volatile organic component is somehow 
suppressing the water uptake of the inorganic component (right column, Fig. 1). We have 
illustrated this as an apparent reduction in the HGF of the inorganic component when the 
organic component is present. In this case, when the organic component is removed at 100°C 
the apparent HGF and the volume of water taken up by the inorganic component will 
increase. Therefore, the volume of water taken up by the mixed particle will be greater above 
100°C than at ambient temperature. This means WUR will be greater than 1. It is important 
to note that in both cases described in our hypothetical example evaporation of the organic 
component will be followed by an increase in HGF90%. However, only in the water uptake 
suppression case does WUR become greater than 1. This is why it is a useful variable for 
identifying water uptake suppression. We also point out that when the inorganic component 
evaporates at higher temperatures WUR always approaches 0 because it is proportional to 
V/Vo (Equation 1). Physically this occurs because the amount of soluble material is 
decreasing with temperature, and therefore the water associated with it also decreases.  
3 Results and Discussion 
3.1 Typical VH-TDMA scans 
[Insert Figure 2 around here] 
A total of 18 volatility scans were conducted during the campaign under marine sampling 
conditions. Two main categories of particle type emerged from this data. Nine volatility scans 
showed a one-step volatilisation process. An example of this type of scan for 32 nm particles 
is shown in Fig. 2A. This scan was conducted on 23 March 2007 from 10:51 to 11:48. 
Particle volatilisation was relatively discrete and occurred in the temperature range 150–
200°C; although a small reduction in particle volume was observed before this. 
Simultaneously measured HGF90% was relatively constant throughout the scan. Also plotted 
in Fig. 2 is a volatility curve of 29 nm laboratory generated ammonium sulphate particles and 
a modelled, dry-size dependant ammonium sulphate HGF90% curve. In this paper all 
theoretical ammonium sulphate growth factors are calculated using the model of Biskos et al. 
(2006). The similarity between the ambient data and the laboratory-measured and modelled 
data for ammonium sulphate particles leads us to suggest that the ambient particles are 
composed primarily of ammoniated sulphates (partially to fully neutralised sulphuric acid). 
We cannot judge the degree of neutralisation purely from this volatility scan because 
different forms of ammoniated sulphates have similar volatility curves and hygroscopic 
properties at 90% RH.  
[Insert Figure 3 around here] 
To further examine particle chemical composition on the morning of 23 March 2007 we 
present a deliquescence scan for 32 nm particles in Fig. 3. This scan was conducted from 
09:30 to 10:47, immediately prior to the volatility scan shown in Fig. 2A. The stability of the 
meteorological parameters (e.g. average wind direction = 107.4 ± 2.3° (1 standard deviation)) 
and particle concentration (average N4–165nm = 183 ± 36 cm-3) during this morning indicated 
that we were sampling from the same marine air mass in both scans. Particle deliquescence 
was abrupt and occurred at ~80% RH. This is consistent with laboratory measurements of 79 
± 2.5% DRH for ammonium sulphate nanoparticles (Biskos et al., 2006). This suggests that 
the majority of the 32 nm particles sampled on the morning of 23 March 2007 can indeed be 
identified as ammoniated sulphates. Furthermore the abrupt deliquescence near 80% RH 
indicates that the sulphate was in its most neutralised form, ammonium sulphate. However, it 
is important to note that particle growth was observed before deliquescence and particle 
growth factors following deliquescence were significantly below expected values (Fig. 2A 
and 3). This indicates that there were certainly species other than ammonium sulphate also 
present in the aerosol in small amounts.  
The other 9 out of 18 VH-TDMA volatility scans completed during the campaign showed 
particles with a multi-step volatilisation process. For these scans particles were sampled from 
a nucleation or an Aitken mode (initial particle size = 17–42 nm). A typical example of one 
of these scans is shown in Fig. 2B. This scan was conducted on 40 nm particles from 11:08 to 
12:18 on 4 April 2007. The particles exhibited a distinct two-step volatilisation process and 
corresponding change in HGF, which means they contained two significant components of 
differing volatility and hygroscopicity. The first component was relatively volatile; it 
completely evaporated by 1100C where the volatility curve flattened out. Evaporation of this 
component caused an increase in HGF90%, which indicates that it was non- or only slightly-
hygroscopic. These combined properties suggest that this component was most likely 
organic. After evaporation of the organic component the HGF90% and volatility curve of the 
second component (residual particles) corresponded well to modelled, dry-size dependent 
ammonium sulphate HGF90% values and the normalised laboratory measured, 29nm 
ammonium sulphate volatility curve (both plotted in Fig. 2B). Therefore this component was 
most likely the ammoniated sulphate species observed in the single-step volatility scans 
described above and shown in Fig. 2A. Unfortunately no corresponding deliquescence scans 
were conducted for the mixed organic-sulphate particles so we cannot judge what effect the 
extra, volatile organic component had on the deliquescence relative humidity of the mixed 
particles. The volume fraction of the organic component when present was generally less than 
20% but did reach 40% during one scan (see Figure 9 of Modini et al., 2009b). It should also 
be noted that all mixed particles referred to here were internal mixtures as evidenced by the 
fact only single modes were observed in the size distributions after volatilisation and/or 
humidification.  
3.2 Water uptake suppression 
[Insert Figure 4 around here] 
Water uptake ratio (WUR) was calculated as a function of thermodenuder temperature for all 
the VH-TDMA volatility scans. Of the 9 scans that indicated mixed particles (multi-step 
volatilisation), 3 scans on 2 separate days contained WUR values significantly greater than 1. 
These scans are displayed in Fig. 4 and the caption to this figure details the times and dates 
when these scans were completed. In all 3 scans a volatile component evaporated from the 
particles at temperatures below 100°C. Evaporation of this volatile component caused an 
increase in both HGF90% and WUR. As explained in section 2.2.2, if the evaporation of a 
volatile component results in WUR increasing significantly above 1, than that component 
was causing suppression of hygroscopic growth. The highest WUR values were achieved 
during the scan completed from 11:08 to 12:18 on 4 April 2007 (Fig. 4A). Here WUR 
reached a maximum value of 1.9 from 130–154°C. Physically this means the volume of water 
taken up by the sulphate residuals following heating in this temperature range was almost 
twice the volume taken up by the same sulphate component in the untreated particles.  
[Insert Figure 5 around here] 
To further explore the suppression of hygroscopic growth of particles sampled from 11:08 to 
12:18 on 4 April 2007 (Fig. 2B and Fig. 4A) we compared measured and ZSR-predicted 
HGF90% for this scan in Fig. 5. Under the ZSR approximation the HGF of a mixed particle 
can be calculated by the volume-fraction-weighted sum of the HGF’s of individual 
components in that particle. In order to apply this approximation we assumed particles were 
composed of only organics and ammonium sulphate and that at 110°C all of the organics and 
none of the ammonium sulphate had evaporated from the particles. We also assumed that the 
organic component was non-hygroscopic at 90% RH (i.e. HGForg = 1). The volume fraction 
of organics for input into the ZSR model was calculated as a function of temperature from the 
volatility curve, V/Vo in Fig. 2B. Initial organic volume fraction (i.e. at ambient temperature) 
was 17%. For ammonium sulphate HGFs we used theoretical values calculated at 90% RH 
and the same dry size as the mixed particle. 
The measured HGF90% was significantly smaller than the ZSR-predicted HGF90% at lower 
temperatures where the organic component was still present. For example at ambient 
temperature the measured HGF90% (1.25 ± 0.04) was 18% below the predicted HGF90% (1.52 
± 0.07). Even allowing for the simplicity of our ZSR model this result is consistent with 
WUR values greater than 1. Both analyses indicated that a volatile organic component can 
significantly suppress the hygroscopic growth of atmospheric particles on the 6.5 sec 
timescale of humidification in the VH-TDMA.    
3.3 Possible mechanisms of water uptake suppression 
Based on the data collected here we cannot conclusively determine the mechanism behind the 
observed suppression of water uptake. However we can explore 2 possibilities. Firstly the 
organic components that suppressed hygroscopic growth may have existed as organic films 
coating inorganic cores. Such films can potentially inhibit the rate of water vapour transfer 
between particles and their surroundings (Chuang, 2003; Donaldson and Vaida, 2006; Gill et 
al., 1983) and particles may have had too little time to grow to their equilibrium size in the 
humidification section of the VH-TDMA (Chan and Chan, 2005). Amphiphilic compounds 
are good film-forming compounds because they consist of a hydrophilic polar head and a 
hydrophobic tail (e.g. long-chain carboxylic acids). The resulting insolubility causes these 
compounds to congregate at air-water interfaces with their heads pointing into solution and 
their tails exposed to the air. Soluble compounds are also capable of forming organic films 
(e.g. ethanol). In this case the film refers to the spontaneous, preferential partitioning of 
soluble compounds to the surface compared to the bulk solution. Only insoluble organic films 
are capable of significantly impeding water vapour transport so these are the type of films 
that must have been present if this mechanism can explain our observation of water uptake 
suppression.   
In the marine environment amphiphilic compounds are found in the sea-surface microlayer in 
biologically active waters and they can form coats on sea-salt particles produced during the 
bubble-bursting process (Ellison et al., 1999; Tervahattu et al., 2002a; Tervahattu et al., 
2002b). However, we detected water-uptake-suppressing organic compounds internally 
mixed with sulphates. Sulphates are formed secondarily in the marine atmosphere 
(Fitzgerald, 1991) and therefore these organic compounds are almost certainly also 
secondarily formed. Organic components were detected in particles that had travelled for 3-4 
days over the open ocean; possibly crossing the vegetation covered Fraser Island before 
arriving at our sampling point. Any source of secondary film-forming organic compounds 
would need to be within this air mass back trajectory.  
One possible source is monoterpene emission from Fraser Island. Anttila et al. (2007) have 
provided evidence from chamber studies that indicates the ozonolysis products from 
monoterpenes can form insoluble films on aqueous sulphate seeds. Furthermore, the uptake 
probability of N2O5 by the coated particles was observed to decrease by up to an order of 
magnitude relative to the uncoated aqueous seeds (Anttila et al., 2006; Folkers et al., 2003).  
While this is proof that the films could reduce the uptake of reactive species (N2O5), no 
observational evidence was provided to suggest they could reduce the uptake of non-reactive 
species like water. Based on only a 10–30% reduction in N2O5 uptake probability for films 
formed from the oxidation products of a mixture of 4 monoterpenes, doubts were also 
expressed about the ability of atmospheric organic compounds, which are many and varied, 
to form condensed organic films. Depending on surface area per molecule, organic films can 
exist in expanded (gaseous or liquid-expanded) or condensed states. Organic molecules with 
long, straight carbon chains are favoured to form condensed films because they can pack 
closely together. On the other hand, bent molecules and the complex mixtures of organic 
compounds that are likely to exist in the atmosphere are less likely to pack closely together 
and may only be capable of forming expanded films.  In order to achieve significant 
retardation of water vapour transfer organic films must be in the condensed state (Donaldson 
and Vaida, 2006; Gill et al., 1983).  
We have previously used our VH-TDMA to investigate sulphate particles internally mixed 
with an organic component derived from the photo-oxidation of monoterpenes in a chamber 
study (Meyer et al., 2009) and a field study in a eucalypt forest (Ristovski et al., 2009). No 
evidence was obtained in either of these studies for the suppression of hygroscopic growth at 
RH above 85%. This suggests that in these instances if photo-oxidised monoterpene products 
did form organic films, the films did not inhibit water uptake on a 6.5 sec timescale. 
Nevertheless, taking all these considerations into account, it is still a possibility that organic 
films derived from processed vegetation emissions from Fraser Island introduced kinetic 
effects into the VH-TDMA measurements reported here. 
The second possibility is that HGF90% was measured at equilibrium (i.e. no kinetic effects) 
but the equilibrium sizes of the mixed particles at 90% RH were actually up to 18% below 
what was predicted by the ZSR approximation. Cruz and Pandis (2000) observed positive and 
negative discrepancies of this magnitude when comparing ZSR predictions with HTDMA 
measurements of laboratory generated pinoic acid-ammonium sulphate (AS), pinoic acid-
sodium chloride (NaCl) and glutaric acid-NaCl particles. Similarly Svenningson et al. (2006) 
measured growth factors 15% below ZSR predictions for laboratory generated succinic acid 
(10%)-fulvic acid (10%)-AS (50%)-NaCl (30%) particles. These discrepancies can occur due 
to organic-inorganic interactions in solution that affect the water activity of a solution droplet 
(e.g. salting out effect, complex aggregate formation). It should be noted that many studies 
have found good agreement between measured and ZSR-predicted growth factors at 90% RH 
(e.g. Meyer et al., 2009; Topping et al., 2005). Nevertheless, negative organic-inorganic 
interactions in solution could still explain the observed water uptake suppression.  
 
4 Conclusion 
During an intensive month-long measurement campaign at Agnes Water 9 out of 18 VH-
TDMA scans indicated the presence of internally mixed, multi-component particles in the 
nucleation and Aitken modes of clean marine air. For 3 of these 9 scans evaporation of a 
volatile organic component in the VH-TDMA caused significant increases in HGF90% and 
water uptake ratio (WUR). This meant that the absolute volume of water taken up by the 
residuals was greater than the volume of water taken up by the same components when mixed 
with the volatile organic components. In addition, ZSR calculations for one of the scans 
indicated that measured HGF90% values were up to 18% below those predicted assuming 
independent water uptake of individual components in the mixed particles. These two streams 
of analyses indicated that we observed organic components that significantly suppressed the 
water uptake of mixed particles. We suggest two possible mechanisms that could explain the 
observed water uptake suppression: organic film formation or complex interactions between 
organic and inorganic components in solution. Further research is required to determine 
which of these two mechanisms is most relevant, and to investigate the identities and 
abundance of hygroscopic growth inhibiting organic compounds in natural and polluted 
environments. 
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Figure captions 
 
Figure 1: Calculated values of WUR, HGF90% and V/Vo as well as the HGF’s of the 2 
components HGF1,2 (cyan, HGF1: inorganic and green, HGF2: organic). We have assumed 
that the particle consists of 40% organic, 60% inorganic. The graphs on the left hand side 
present the case where there is no interaction between the organic and inorganic and therefore 
no suppression of growth. For the graphs on the right hand side we have assumed that the 
presence of organics causes a 15% suppression of growth and this is illustrated by an 
apparent reduction in HGF1. 
Figure 2: VH-TDMA volatility scans displaying V/Vo (diamonds), HGF at 90% RH 
(squares), a measured volatility (V/Vo) curve for 29 nm ammonium sulphate (AS) particles 
generated in the laboratory (stars with black line) and modelled, dry-size dependant AS 
HGF90% curve (straight black line). Error bars represent ±3% theoretical uncertainty in V/Vo 
and HGF90%. A: 32 nm particles sampled from 10:51 to 11:48 on 23 March 2007. B: 40 nm 
particles sampled from 11:08 to 12:18 on 4 April 2007. In panel B the volatility curve for the 
laboratory generated AS particles has been normalised to the apparent volume fraction of the 
more hygroscopic particle component. 
Figure 3: Deliquescence scan conducted with the VH-TDMA from 09:30 to 10:47 on 23 
March 2007. Selected particle size was 32 nm.  
Figure 4: VH-TDMA volatility scans displaying V/Vo (diamonds), HGF90% (squares) and 
WUR (circles) as a function of thermodenuder temperature. Error bars represent theoretical 
uncertainties: ±20% for WUR and ±3% for V/Vo and HGF90%. A: 40 nm particles sampled 
from 11:08 to 12:18 on 4 April 2007. B: 40 nm particles sampled from 13:25 to 14:42 on 4 
April 2007. C: 42 nm particles sampled from 16:11 to 17:38 on 8 April 2007. 
Figure 5: VH-TDMA volatility scan of 40 nm particles completed from 11:08 to 12:18 on 4 
April 2007. This scan is also shown in Figure 2B and 4A. This time we have also plotted 
ZSR-predicted HGF values as a function of temperature. The shaded area surrounding the 
ZSR HGF curve represents the 99% confidence interval of our predictions.  
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